In order to understand the ecological effects of climate change it is essential to forecast suitable areas for species in the future. However, species' ability to reach potentially suitable areas is also critical for species survival. These 'range-shift' abilities can be studied using life-history traits related to four range-shift stages: emigration, movement, establishment, and proliferation. Here, we use the extent to which species' ranges fill the climatically suitable area available ('range filling') as a proxy for the ability of European mammals and birds to shift their ranges under climate change. We detect which traits associate most closely with range filling. Drawing comparisons with a recent analysis for plants, we ask whether the latitudinal position of species' ranges supports the assertion that post-glacial range-shift limitations cause disequilibrium between ranges and climate. We also disentangle which of the three taxonomic groups has greatest range filling. For mammals, generalists and early-reproducing species have the greatest range filling. For birds, generalist species with high annual fecundity, which live longer than expected based on body size, have the greatest range filling. Although we consider traits related to the four range-shift stages, only traits related to establishment and proliferation ability significantly influence range filling of mammals and birds. Species with the greatest range filling are those whose range centroid falls in the latitudinal centre of Europe, suggesting that post-glacial range expansion is a leading cause of disequilibrium with climate, although other explanations are also possible. Range filling of plants is lower than that of mammals or birds, suggesting that plants are more range-limited by non-climatic factors. Therefore, plants might be face greater non-climatic restraints on range shifts than mammals or birds.
Introduction
Calculating the geographic areas that will be environmentally suitable for species in the future has been widely employed in recent decades to forecast changes in species' distributions (Huntley et al. 2008 , Real et al. 2013 , Estrada et al. 2016a ) and to suggest locations for future reserve networks (Araújo et al. 2011 , Alagador et al. 2014 ). The majority of these studies employ species distribution models (SDMs) that use environmental variables to explain species distributions (Huntley et al. 2008 , Araújo et al. 2011 , Real et al. 2013 ). However, most SDM studies do not consider the ability that species may have to reach, and establish within, potentially suitable areas (Engler et al. 2012) , despite this likely being critical for species survival (Pearson et al. 2014 ). An effort to include range-shift ability in SDMs has recently emerged, but is limited by the scarcity of data, often leading to the use of simplistic range-shift scenarios (i.e. full movement or no movement), or to more complex ones (partial movement to the new range) (Bateman et al. 2013 ) that are mainly based on dispersal abilities. To achieve a better understanding of species' capacity to maintain populations under environmental change, it is becoming increasingly common to make generalisations based on different life-history traits (Estrada et al. 2016b ). Life-history traits are sensu stricto defined as those morphological, physiological or phenological characteristics measurable at the individual level that have an effect on individual performance (Violle et al. 2007 ). However, measurements of environmental tolerance or habitat specialization, termed 'indicative' traits, have also been used to inform range shifts (Triviño et al. 2013 , Pearson et al. 2014 . Indicative traits ultimately depend on life-history traits, but also on behavioural and other functional traits. We therefore include indicative traits as 'predictive' life-history traits for the purpose of this paper (Estrada et al. 2016b ).
Many predictive traits are relevant to species' responses to climate change. We previously proposed that traits should be selected based on their association with the four stages of the range-shift process: 1) emigration, i.e. individuals embark on a journey away from their natal location, 2) movement or dispersal, i.e. the transfer of individuals or propagules away from the location in which they originated, 3) establishment of self-sustaining populations following dispersal, and 4) proliferation following establishment, which increases the number of dispersers and accelerates the founding of more populations (Estrada et al. 2016b) . A major issue in trait-related research is that traits are recorded inconsistently between species and across broader taxonomic groups. We suggest that this can be circumvented by grouping traits into broader categories that correspond to the range-shift stages (Table 1) . Species' performance at each of the stages can be informed by traits within each set.
Recent studies have attempted to use a suite of predictive traits to identify the species that are well positioned to cope with large-scale environmental changes, in particular climate change (Foden et al. 2013 , Triviño et al. 2013 , Garcia et al. 2014 , Pearson et al. 2014 , but the choice of predictive traits is based on little or no quantitative evidence. Estrada et al. (2016b) suggested that the degree to which a species occupies the areas that are currently climatically suitable for it ('range filling') could be a proxy for species' capacity to undergo range shifts as climate changes. The rationale behind the use of range filling as a proxy is that, if potentially suitable range is calculated with data on climatic tolerances, unoccupied portions of the potential range must be due to non-climatic range limitations (e.g. edaphic conditions, land use, dispersal limitations, geographic barriers, or biotic interactions). While disentangling the role of non-climatic limitations is often challenging, traits associated with low range filling indicate vulnerability to historic non-climatic range limitations. Interpreting these traits could inform us about the factors and processes that limit range shifts in the future, and the species most likely to face these limitations (Svenning and Skov 2004 , Dullinger et al. 2012 , Estrada et al. 2015 . For example, if habitat breadth correlates with range filling, this would suggest that landscape structure can impose important range-shift barriers. If traits related to competitive ability correlate with range filling, this would suggest that competition can limit ranges. If traits indicating susceptibility to Allee effects correlate with range filling, this would suggest that establishing populations critically limits range shifts. If currently unsuitable areas become climatically suitable for a species in the future, then asking whether that species has traits that correlate with range expansion in the past (i.e. range filling) will inform whether that species is likely to colonise the newly suitable habitat (Svenning and Skov 2004 , Dullinger et al. 2012 , Estrada et al. 2015 . This is particularly true for Europe, where species ranges are thought to be strongly shaped by the ability to expand from glacial refugia (Hewitt 1999 , Arbabi et al. 2014 , which is known to relate to some species traits (Svenning and Skov 2004 , Dullinger et al. 2012 , Estrada et al. 2015 .
Using range filling as a proxy for climate-driven range shifts may have some limitations. For instance, range filling reflects processes that occurred over thousands of years, whereas current climate change is occurring at a faster pace Table 1 . Predictive traits used in the present study and their relationships with the four stages of the range-shift process and the seven trait categories proposed by Estrada et al. (2016b and might depend on different traits. Investigating the traits that correspond to recent range shifts (Estrada et al. 2016b , Pacifici et al. 2017 ) is arguably more informative in this regard. Nonetheless, given the early stage of knowledge in this area, identifying the drivers of range filling is likely to give complementary insights into relationships between traits and range shifts. Some studies have previously identified traits that are related to species' geographical ranges (Bohning-Gaese et al. 2006 , Munguía et al. 2008 , Angert et al. 2011 , Laube et al. 2013a , b, Auer and King 2014 , Bradshaw et al. 2014 . However, most studies have investigated a handful of traits related to a single one of the four stages of the range-shift process (usually dispersal). Interpreting such results can be difficult because traits that influence one range-shift process in one direction might influence another process in the opposite direction, and there are often trade-offs between traits (Estrada et al. 2016b ). Here, we examine the traits that correspond to range filling of European mammals and birds. We distil the many ways in which traits could affect range shifts into the correspondence between the traits and the four stages of the range-shift process (Estrada et al. 2016b ). We interpret the results to detect the predictive traits that would help species to cope with climate change.
A major limitation on European species' current ranges is thought to be the degree to which they have been able to expand from glacial refugia, with species living predominantly in the southern part of Europe having undergone the least expansion (Nogués-Bravo et al. 2014) . If this is the case, then species living in the southern part of Europe could be the most affected by climate change because of their limited ability to range shift. Alternatively, species in southern Europe could be restricted to that region because of their climatic tolerances. The first hypothesis, of post-glacial rangeshift limitation, would be supported if southern European species had a lower degree of range filling than species elsewhere (Svenning and Skov 2004) . We therefore examined the relationship between range filling and the latitudinal position of species' ranges, for European mammals, birds, and plants. We also asked which of the three taxonomic groups have greater range filling. We hypothesised that birds would have greater range filling than mammals, and mammals would have greater range filling than plants due to variation in each taxon's ability to undertake the movement stage of the rangeshift process.
Material and methods
We applied a similar approach to that used in Estrada et al. (2015) . We used presence data of native European mammals and breeding birds on 50  50 km UTM grid cells (Hagemeijer and Blair 1997, Mitchell-Jones et al. 1999) within Europe from -10°9¢23²-30°43¢10²E and from 34°59¢30²-70°58¢33²N. Species present in fewer than 20 grid cells were removed from analyses to reduce errors associated with extremely narrow-ranged species, for which distribution data are unlikely to reflect climate tolerances (Stockwell and Peterson 2002, Bradley et al. 2015) . The final dataset contained 335 birds and 125 mammals. Data for European plants were those used in Estrada et al. (2015) .
Geographical range characteristics
We estimated range filling as the proportion of climatically suitable area, i.e. the climatic potential range that it is occupied (Svenning and Skov 2004) , following the methodology of Estrada et al. (2015) . In the case of birds, we only analysed their summer ranges. To calculate the climatic potential range, we conducted a principal component analysis (PCA) for the following climate variables using all grid-cells in the study region: temperature of the coldest and the warmest month and annual precipitation. We used the first two axes of this PCA to construct a two-dimensional climate space, on to which we plotted each species' distribution, and calculated the minimum convex-hull polygon that included all of the species' occurrences. The grid cells with climatic conditions that fell inside this polygon were considered the potential range, and range filling was the proportion of these grid-cells that were occupied ('range filling100'). Species' occurrences in relatively extreme climatic conditions that are not representative of the species' environmental tolerances would increase species' potential ranges, and possibly bias our results. To test for any such effect, we also calculated potential range using the minimum convex-hull polygon that encloses the 95% most environmentally central species' occurrences ('range filling95'). Climatic variables were derived from the climatic research unit (CRU) dataset at 10¢ resolution (New et al. 2002) . 10¢ climatic variables were averaged inside each 50  50 km grid-cell. We explored the effects of using a larger number of climatic variables and variables that corresponded to different seasons, and found very strong correlations between the resulting range filling values (Pearson's correlation  0.99).
Species' predictive traits
We tested the strength of the relationships between range filling and species' traits related to emigration, movement, establishment, and proliferation (Table 1 ). The hypotheses for each range-shift stage, and traits included in them are detailed below (tested traits are typed in italics). The rationale for each trait, and further information on how each trait was measured, categorised or transformed (e.g. allometric correction) is given in Supplementary material Appendix 1. Trait data were obtained from the databases and studies recorded in Supplementary material Appendix 1. Note that some predictive traits were available for only one of the groups, i.e. birds or mammals (Table 1 ).
-Emigration: this is the first range-shift stage, and corresponds to site fidelity, i.e. the likelihood that an individual will embark on a dispersal event to emigrate away from the natal patch. High site fidelity corresponds to a low likelihood of emigration and, thus, low range-shift capacity (Estrada et al. 2016b ). Thus, we hypothesised low range filling for species with high site fidelity. Traits we used that informed site fidelity were migratory status and breeding behaviour.
-Movement: movement ability is the capacity of an individual or propagule to travel outside its natal location. This can be informed, for instance, by natal dispersal distances (movement from natal to breeding site), but also by migratory status or home range. As data on dispersal distance is often unavailable (as is the case for mammals and birds), the use of indirect traits allows movement ability to be studied even in the lack of dispersal distance data. High range filling is expected for species with high movement ability.
-Establishment: in this stage, individuals reproduce and found a self-sustaining population. Although the success of establishment depends on the number of individuals arriving at a site, there are other types of traits which facilitate this process. These traits are related to small population effects and to the capacity to persist under unfavourable conditions. Small population effects make it difficult for small populations to grow and, thus, hinder population establishment. These include, for instance, Allee effects, e.g. a minimum number of conspecifics may be required to breed (Stephens et al. 1999) . We used breeding behaviour and group living as specific traits informing small population effects. We hypothesised low range filling for colonial species or for species living in groups. On the other hand, persistence under unfavourable conditions is the capacity of a population to survive during periods of poor environmental conditions. This category can be informed in animals by sleep and hide behaviours that might allow species to wait out unfavourable periods (Liow et al. 2009 ), or by traits indicating the importance of each reproductive event to lifetime reproduction (e.g. longevity) (Estrada et al. 2016b) . High range filling is expected for species with high capacity to persist under unfavourable conditions.
-Proliferation: in this stage, established populations become more than self-sustaining, producing individuals that in turn disperse and cause further population spread. Often, traits that ease proliferation also ease establishment (Table 1) . Traits which facilitate establishment and proliferation are related to species' reproductive strategy, to ecological generalisation and to competitive ability (Estrada et al. 2016b ). Fast-lived species reproduce early, have small body mass, and many offspring per year (Gaillard et al. 1989, Promislow and Harvey 1990) . These species can achieve high local abundances in a short period, thus driving emigration. Traits used to inform reproductive strategy were annual fecundity, body mass, sexual maturity age and inter-birth interval. We hypothesised high range filling for fast-lived species. Ecological generalisation, i.e. the ability to use a variety of a given resource type, could also inform proliferation. For example, ecological generalists could breed in a variety of land-cover types or have a broad diet. We used habitat breadth, diet breadth and brain size as traits informing ecological generalisation. We hypothesised high range filling for generalist species.
Competitive ability is the capacity of an individual of one species to reduce the availability of disputed resources to an individual from another species. We used brain size and population density to test this category. We hypothesised high range filling for species with strong competitive ability.
Modelling method
Analyses for mammals and birds were performed separately, and followed the methodology used by Estrada et al. (2015) . We performed generalized linear models (GLMs) with range filling as the response variable and predictive traits as independent variables. As range filling showed over-dispersion, we fitted it with a quasi-binomial distribution. Data on each trait were not available for all species (Supplementary material Appendix 2 Table A2 .1 and A2.6). Therefore, we conducted the analyses in four steps: 1) we first performed univariate models for each life-history trait, testing for linear and unimodal responses. 2) We constructed multivariate models in the following way: all variables that in the univariate models accounted for more than 10% of the explained deviance were considered to be 'core' variables. 'Candidate' explanatory variables were considered to be those that accounted for less than 10% of the explained deviance, but for which p  0.25 in the univariate models (Hosmer and Lemeshow 2000) . We then constructed multivariate models that contained the core variables and one of the candidate variables, and repeated this for all candidate variables. For each of these models we performed an information-theoretic approach to obtain relative variable importance (RVI) (Burnham and Anderson 2002) . 3) For each taxon and response variable we identified variables (i.e. traits) with RVI  0.5 in the second step (Estrada et al. 2015) . We tested all possible combinations of these variables using the function 'dredge' [library 'MuMIn' (Bartón 2012) ], excluding combinations that included the quadratic term of a variable and did not also include the linear term of that variable. A best model subset was identified using ∆QAICc  2. For each taxon and response variable, we calculated the RVI of each of the variables in the best model subset. Collinear variables were excluded by first checking Spearman's correlations and multicollinearity (with the variance inflation factor -VIF) between all independent variables included in the best model subset. VIF was tested with the R package 'usdm' (Naimi 2013) . If models had variables with absolute Spearman's rho  0.5 we updated the models by removing the correlated variable that had the lower RVI or, if RVIs were equal, removing the correlated variable with higher VIF. 4) We calculated an averaged 'combined' model for each taxon and response variable using the best subset of models that excluded collinear variables (Burnham and Anderson 2002) . Statistical analyses were performed in R 3.0.3 (R Core Team).
Phylogenetic analyses
Phylogenetic relationships among species can result in over-estimation of the degrees of freedom in biogeographic analyses. Therefore, we checked the significance of model coefficients of the traits included into combined models by performing phylogenetic generalized least squares ['PGLS' (Freckleton et al. 2002)] . If combined models contained variables that were not significant in the PGLS we updated the non-phylogenetic models maintaining only the variables that were significant according to the PGLS ('final' combined models). Details on the sources of the phylogenies are described in Supplementary material Appendix 3. Phylogenetic analyses were performed in R using the packages 'ape' (Paradis et al. 2004 ) and 'caper' (Orme et al. 2012) .
Correspondence between latitude, spatial positioning, range filling, and traits We analysed the relationship between range filling and the latitude of species' range centroids using GLMs separately for European mammals, birds and plants (the latter data were drawn from Estrada et al. (2015) ). We explored the relationship between latitude and traits by performing univariate GLMs considering latitude as the predictor, and the traits of the final models (i.e. those significant in the PGLS models) as the response variable. We tested spatial autocorrelation in the response and the residuals of our final models (once phylogenetic autocorrelation had been accounted for), using Moran's I and spatial distances computed from species geographic centroids. We also calculated Moran's I for the predictor variables, i.e. species traits (each species trait was associated with the species geographic range centroid).
Differences in range filling for the three taxonomic groups
We tested significant differences of range filling between European plants, mammals and breeding birds with the Tukey honest significant difference method (TukeyHSD).
Results

Range filling in mammals
Habitat generalists and early-reproducing mammals show the greatest range filling (Table 2, Fig. 1 ). Habitat breadth and sexual maturity age explained the greatest deviance in the univariate models and were therefore treated as core variables (Supplementary material Appendix 2 Table A2 .1). For the multivariate models containing both core and candidate variables, the core variables habitat breadth and sexual maturity age were always retained (for both range filling100 and range filling95, Supplementary material Appendix 2 Table A2 .2). Other variables retained (with RVI  0.5) were sleep behaviour, longevity and migratory status (the latter trait for range filling100, but not range filling95). Longevity was correlated with sexual maturity age and migratory status (Supplementary material Appendix 2 Table A2 .5), and sexual maturity age was retained (see Methods). Combined models then contained three variables (habitat breadth, sexual maturity age and sleep behaviour) (Supplementary material Appendix 2 Table A2 .3 and A2.4). However, sleep behaviour was not significant in the PGLS analysis (Supplementary material Appendix 3 Table A3 .1), and therefore we excluded this trait from the final combined models. Thus, final combined models for mammals were performed with habitat breadth and sexual maturity age, for which 94 species had data (Rho between variables  0.08, VIF  1.01, Table 2 and Supplementary material Appendix 2 Table A2 .5). The percentage of deviance explained was  24%. Volant and nonvolant mammals show different macro-ecological patterns (Healy et al. 2014 ), and we thus asked whether these two groups had similar trait/range filling relationships. The same traits were relevant for non-volant mammals as for all mammal species (i.e. sexual maturity age and habitat breadth). For volant mammals, sexual maturity age was not important, but habitat breadth was. We also note that range filling in volant mammals was more similar to terrestrial mammals than to birds. Mean values of range filling were 0.47 for birds and 0.35 for all mammal species. Range filling for volant mammals was 0.34 and for non-volant mammals was 0.36 (Supplementary material Appendix 4).
Range filling in birds
Habitat generalists with high annual fecundity, which can live longer than expected by their body size are the birds with the greatest range filling (Table 3, Fig. 2 ). Fecundity and longevity explained the greatest deviance in the univariate models and were therefore treated as core variables (Supplementary material Appendix 2 Table A2.6). For the multivariate models containing both core and candidate variables, fecundity, longevity, habitat breadth and body mass were always retained with RVI  1 (Supplementary material Appendix 2 Table A2.7). None of the variables selected to be entered into the combined models were collinear (Supplementary material Appendix 2 Table A2 .10). In the combined models, habitat breadth, annual fecundity, longevity and body mass were retained (Supplementary material Appendix 2 Table  A2 .8 and A2.9). However, body mass was not significant in the PGLS analysis (Supplementary material Appendix 3 Table A3 .2), and therefore we excluded this trait from the final combined models. Thus, final combined models for birds were performed with habitat breadth, annual fecundity and longevity, for which 282 species had data (Table 3 , Rho  0.13, VIF  1.02, Supplementary material Appendix 2 Table A2 .10). Percentage of deviance explained was  30%.
Range filling for all taxa: latitude and spatial autocorrelation
For mammals, birds, and plants, the species with the greatest range filling were those whose range centroid falls in the latitudinal centre of Europe (Fig. 3) . We obtained significant relationships with latitude for the following traits: habitat breadth and allometric sexual maturity age for mammals (unimodal and negative relationships, respectively); annual fecundity (log-transformed) and allometric longevity for birds (unimodal relationships); and habitat breadth, dispersal distance, seed bank persistence and specific leaf area for plants (positive relationship for habitat breadth, unimodal relationships for the other traits). A positive relationship means that a higher value of a trait corresponded to more northerly range centroids, whereas a unimodal relationship means that species with a higher value of a trait tend to have range centroids within mid-European latitudes. Results of the models are shown in Supplementary material Appendix 2 Table A2 .11, and relationships in Supplementary material Appendix 2 Fig. A2 .2-A2.4. Both the response variables (range filling) and the model residuals were highly spatially structured at first distance classes, indicating that our models failed to absorb most of the spatial structure in the response variables (Supplementary material Appendix 2 Fig. A2 .5). The traits included in the final models were very weakly structured in space (Moran's I  0.15 for all traits in mammals and birds).
Range filling comparison among taxonomic groups
Breeding birds filled more of their potential range than plants and mammals (Fig. 4) , with significant differences between them (p  0.001 in TukeyHSD for mammals and birds, plants and birds, and plants and mammals).
Discussion
Although we tested traits related to the four stages of the range-shift process, i.e. emigration, movement, establishment and proliferation (Estrada et al. 2016b) , only traits related to the two latter stages seem to be important in determining range filling of European mammals and birds. Specifically, important traits selected for birds and mammals belong to three of the trait categories defined by Estrada et al. (2016b) : ecological generalisation, reproductive strategy, and persistence under unfavourable conditions (Table 1) . The importance of ecological generalisation traits in determining climatic range filling is consistent with previous findings obtained for different groups of species (Thompson et al. 1999 , Mattila et al. 2011 , Laube et al. 2013b , Estrada et al. 2015 , Pacifici et al. 2017 ). Ecological generalisation is related to the stages of establishment and proliferation in the range-shift process by increasing resource availability (Angert et al. 2011 , Estrada et al. 2016b . Broader habitat preferences could increase range filling by increasing the habitat available to be occupied, and/or because increased habitat availability provides more routes for expansion from glacial refugia (Estrada et al. 2015) . During post-glacial range expansion, ecological generalisation could have favoured establishment success [as observed in introduced species (Cassey et al. 2004 , Sol et al. 2005 ], and could have increased population trends [assisting proliferation (Jiguet et al. 2007) ]. Thus, overcoming of small population effects could be a mechanism underlying the patterns documented here, and assist range shifts under climate change.
Regarding reproductive strategy, the observed high range filling in mammals and birds with fast life histories (e.g. high fecundity, low age at maturity) might occur because fecundity compensate for high mortality (Purvis et al. 2000) . Having more generations per time-unit would provide a species with more genetic variation with which to explore different adaptive routes to changing environmental conditions (Williams et al. 2008) . Like ecological generalisation, reproductive strategy is related to the stages of establishment and proliferation (Estrada et al. 2016b) . Species with fast life histories could therefore be particularly likely to colonise newly climatically suitable areas as climate changes (Perry et al. 2005 , Bradshaw et al. 2014 ), and thus be less threatened by climate change than other species. However, it should be noted that, having a slow life history could buffer a species from environmental change within their current range. Therefore, if climate becomes unsuitable, species with slow life histories might undergo range contractions less rapidly than species with fast life histories.
Bird species living longer than expected by their body size have high range filling. Longevity is related to the establishment stage of the range-shift process (Estrada et al. 2016b) , and the relationship between longevity and range filling is that long-lived species can better persist in unfavourable conditions. Long-lived species can skip a reproductive event when conditions are not suitable, and still maintain a viable population. This could be particularly important when colonising areas that are becoming newly suitable under climate change, in which conditions can fluctuate between suitable and unsuitable (Sol et al. 2012) . Following our results (Table 3, Fig. 2 ), it could be that, among bird species with faster life histories, those living longer will have more opportunities to produce a high number of offspring and to persist in unfavourable conditions. There is often a trade-off between life-history speed and longevity, suggesting that species with intermediate values for both traits might be well positioned to colonise newly suitable areas under climate change (Trakimas et al. 2016 ).
Although we did not find relationships between range filling and traits related to movement ability or site fidelity in birds or mammals, Estrada et al. (2015) found that movement ability corresponded to range filling of European plants. Indeed, we find a pattern of increasing degree of range filling across taxonomic groups broadly in line with increasing movement abilities (i.e. plants to mammals to birds; Fig. 4) , suggesting that movement ability is involved in reaching regions with suitable climate. Unfortunately, quantitative measurements of dispersal were not available for birds and mammals, which meant we had to use indirect proxies (i.e. migration and home range). This may have obscured the importance of movement ability. With respect to site fidelity traits, our results are in accordance to those of Estrada et al. (2016b) who found that these traits were the least-supported for range shifts in the literature (although they were also very little studied).
Our results are likely contingent on the European geographic context in which analyses were conducted. Our analyses do not encompass the full geographical ranges of most species, and hence, the degree of global range filling for a given species could differ, as well as the relevant traits. Calculating range filling at the global extent has elsewhere yielded lower values of range filling overall, as potential ranges could be larger than those calculated in Europe (Munguía et al. 2012 , Early and Sax 2014 , Bradley et al. 2015 . Thus, a regional analysis provides a conservative estimate of species' environmental tolerances (Munguía et al. 2012) . A global analysis also has its drawbacks. First, potential ranges can be unrealistically large, and even be placed in a continent where the species is not present. For example, a Mediterranean species would have a potential range extending to Chile, California or Australia regardless of its ability to reach those disconnected regions. Many species that have colonised multiple continents are those introduced by people. The traits associated with range filling across multiple continents are likely to be those associated with human introductions and invasion, not those that correspond to range shifts within species native continents. Second, whereas European distribution data are amongst the most complete in the world, data elsewhere are often collected less thoroughly. Under-recording leads to poor calculations of species' potential ranges, and under-representation of species real ranges ('false absences'). The quality of freely available data varies greatly between species. This would de-standardise our comparisons, introducing noise and potentially bias towards particular species or regions. Indeed, visual inspection of data from GBIF.org for species examined here reveals enormous gaps in distribution data. Third, in Europe species share similar biogeographic barriers, environments, and glacial histories, which makes it meaningful to compare range filling within this region and biota.
Our analysis suggests different roles played by non-climatic factors (e.g. land use, biotic interactions, dispersal barriers) in driving range filling. The importance of habitat breadth for birds suggest that land cover (and thus, land use) plays an important role in constraining species establishment (Sirami et al. 2017 ). Elsewhere we analysed the effects of land use on range filling, but did not find major relationships (unpubl.), probably because of the necessarily coarse resolution of our analyses (Pearson and Dawson 2003, Luoto et al. 2007 ). Competitive exclusion (Boulangeat et al. 2012 , Wisz et al. 2013 can be indirectly evaluated with traits that correspond to competitive ability (Estrada et al. 2016b , Table 1 ). Indeed, the finding that plant height and leaf surface area corresponds to range filling in plants (Estrada et al. 2015) indicates a role of competition in range filling. Finally, geographic barriers, such as mountains or rivers, disrupt the movement of certain species to reach climatically suitable regions (Caplat et al. 2016) . The constraining effects of geographic barriers on ranges are discussed by several studies, which reach contradictory conclusions (Brown and Maurer 1989, Baselga et al. 2012) . Their findings suggest that the effects of geographic barriers are more relevant at larger temporal and spatial scales (Ficetola et al. 2017 ) than those concerned with short-term rapid climate-driven range shifts. Baselga et al. (2012) found that species range shapes were the result of the combined effect of macroclimate and intrinsic dispersal limitation, the latter being the major determinant among restricted-range species.
Overall, we cannot expect the predictive traits we used to give insights into every process shaping species distributions, but our results give insights into a few key processes. Furthermore, our results are comparable between species and reveal limitations on species ranges at a spatial extent that is frequently used for estimating range filling (Svenning and Skov 2004, Nogués-Bravo et al. 2014 ) and for assessments of the impacts of climate change (Araújo et al. 2011) .
Regarding the relationship of latitude with range filling (Fig. 3) , we found that, contrary to our expectations, species with higher range filling are those whose range centroids fall in the centre of Europe. This pattern can be due to multiple, non-exclusive explanations. The mid-domain effect (Colwell and Lees 2000) means that species with centroids in the central part of the continent can potentially expand in any direction without sea-border limitations. Indeed, species with centroids in central Europe have the largest geographic ranges (Supplementary material Appendix 2 Fig. A2.1) . Additionally, within a bounded geographic area, the larger a species' range size, the smaller the area remains where the species is absent. Thus, very widespread species will necessarily have high range filling [as was observed in plants (Estrada et al. 2015) ]. Alternatively, occupancy of climatically suitable areas depends on the existence of suitable habitat, and climate in the centre of Europe is associated with habitat types that are more homogenous than those in the south or the north (Rivas-Martínez et al. 2004 ). Thus, species that can tolerate central European climate conditions will have larger amounts of habitat available to them than species elsewhere. Another explanation is that unfilling of the potential ranges of species within northern or southern European regions is due to the effects of biotic interactions and specifically, to the presence of better adapted competitors within the unfilled portions of their ranges (Hortal et al. 2011 ). Last but not least, southerly species may have undergone less post-glacial expansion than they could have climatically, i.e. these species have potential climate space in the north that they have not yet colonised (Nogués-Bravo et al. 2014) . Northern European species are unlikely to have had their geographic ranges restricted by limited dispersal away from glacial refugia, which are typically thought to have occurred in southern Mediterranean Europe. However, it could be that northerly species had other refugia located in the central or northern part of Europe (Fedorov and Stenseth 2001 , Flagstad and Roed 2003 , Brunhoff et al. 2006 . Therefore, northerly species that underfill their potential ranges could have experienced limited post-glacial range expansion. As stated above, the limitation of expansion of southern and northern species could be caused by geographical barriers such as mountain ranges, rivers or large extents of unsuitable habitat (Lorenzini and Lovari 2006, Ricanova et al. 2013) , but also by a lack of traits that facilitate emigration, movement, establishment and proliferation in new environments. Indeed, the traits of species with centroids in the latitudinal centre of Europe are related to higher range filling: central European mammals are habitat generalists, central European birds have relatively high fecundity and longevity, and central European plants can disperse the furthest, have long-term persistent seed banks and high specific leaf area (Estrada et al. 2015 ) (Supplementary material Appendix 2 Table A2 .11, Fig. A2.2-A2.4) .
The spatial autocorrelation analyses revealed spatial structure in range filling that was not accounted for by the trait analyses. Species whose range centroids were within 500 km of each other were likely to have more similar range filling than expected by chance (Supplementary material Appendix 2 Fig. A2 .5). Spatial autocorrelation can indicate that the importance of explanatory variables in range filling models is over-estimated, if the variables themselves show spatial structure. However, this is not the case. Moran's I was less than 0.15 for all traits included in the final models for mammals and birds, so species with similar traits do not have geographically proximate range centroids. Instead, the spatial autocorrelation suggests implications similar to those suggested by the latitudinal analysis, namely, that species with proximate range centroids face shared biogeographic barriers or non-climatic range limitations such as habitat availability, or have undergone similar range shifts historically.
Range filling for plants is lower than that of mammals, which in turn is lower than that of birds (Fig. 4) . The high level of climatic disequilibrium for plants suggests that plant ranges are much more limited by non-climatic factors than birds and mammals (Araújo and Pearson 2005) . It may be that plants are less likely or slower to colonise new areas (García-Valdés et al. 2013 ) and so have undergone less post-glacial range expansion than birds and mammals. Plants are more likely to be limited by soil type than animals. Competition, herbivory, and facilitation are often seen to affect plant species distributions (le Roux et al. 2013 , Maron et al. 2014 , and indeed traits that indicate strong competitive ability (plant height and leaf surface area) correlate positively with range filling in plants (Estrada et al. 2015) . However, whether biotic interactions are stronger for plants than vertebrates is not known. Regardless of the reason, studying non-climatic range limitations for plants could be particularly insightful and useful for predicting range shifts under climate change. Regarding mammals and birds, breeding birds have been able to colonise their climatically suitable areas with more success than mammals, which is in agreement with Pacifici et al. (2017) who found that mammals were more negatively impacted by recent climate change than birds.
Conclusions
Given the importance of non-climatic range limitations in determining species responses to climate change, measuring the correlation between range filling and predictive traits could be informative by suggesting potential mechanisms of range limitation. For example, if movement ability is a major cause of range limitation, then populations may be capable of surviving in a broader range of climate conditions than currently occupied, but have simply not dispersed to locations with these conditions. In this case, current populations may be unaffected by climate change (Sax et al. 2013 ). On the other hand, range limitations by negative inter-specific interactions could deplete populations if the interacting species shifts its distribution to overlap with the focal species (Sax et al. 2013 ). This scenario might be indicated by traits that confer a poor ability to establish or proliferate (rather than embark or disperse), e.g. traits that correspond to susceptibility to interspecific interactions (Laube et al. 2013a ). All in all, our results support the use of predictive traits to identify which species will be more vulnerable to future climate change. While generalist, prolific and long-living species are predicted to be resilient to changes, specialists with slower reproductive strategies may be at a higher risk.
